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Introduction
The increase in type 2 diabetes (T2D) is strongly linked to the global increase in obesity, caused by physical inactivity and a Western diet, as well as an aging population. During development of T2D, insulin resistance and reduced glucose uptake in skeletal muscle result in an initial combined hyperglycemia and hyperinsulinemia, which are key metabolic abnormalities associated with the development of T2D (1-3) as well as key risk factors for cardiovascular diseases (4, 5) . In the context of persistent insulin resistance, pancreatic β cells progressively fail to match the increasing demand for insulin, which leads to the development of severe hyperglycemia and diabetes (6) . Despite the introduction of novel, additional glucose-lowering agents, many people with T2D fail to reach their glycemic targets, and the low success rates cause significant morbidity and mortality (7, 8) . The poor outcome may, at least in part, be due to the recently described heterogeneity of T2D patients and the apparent shortcomings in using glucose as the sole diagnosis criteria (9) .
Exercise and diet/caloric restriction are the first recommendations offered to newly diagnosed T2D patients (10) (11) (12) (13) , but compliance is a major problem. In particular, exercise appears more effective than insulin treatment to promote glucose uptake in insulin-resistant skeletal muscle of T2D patients -an effect that, at least in part, is mediated by activation of AMP-activated protein kinase (AMPK), which is activated in response to an energy shortage imposed by physical activity and caloric restriction (10, 14) . In line with this notion, the recently described allosteric AMPK activators PF-793 and MK-8722 increase glucose uptake in skeletal muscle in an insulin-independent manner (15, 16) .
Increased peripheral glucose disposal will relieve the demand on β cells to produce and secrete insulin, thus indirectly ameliorating β cell stress (7, 8, 17) and, by increasing glucose uptake in skeletal muscle AMPK, may indirectly preserve/restore β cell function. There is little evidence, however, that any of the currently used glucose-lowering agents acts directly on β cells to reduce β cell stress and impose β cell rest, AMPK activated protein kinase (AMPK), a master regulator of energy homeostasis, is activated in response to an energy shortage imposed by physical activity and caloric restriction. We here report on the identification of PAN-AMPK activator O304, which -in diet-induced obese mice -increased glucose uptake in skeletal muscle, reduced β cell stress, and promoted β cell rest. Accordingly, O304 reduced fasting plasma glucose levels and homeostasis model assessment of insulin resistance (HOMA-IR) in a proof-of-concept phase IIa clinical trial in type 2 diabetes (T2D) patients on Metformin. T2D is associated with devastating micro-and macrovascular complications, and O304 improved peripheral microvascular perfusion and reduced blood pressure both in animals and T2D patients. Moreover, like exercise, O304 activated AMPK in the heart, increased cardiac glucose uptake, reduced cardiac glycogen levels, and improved left ventricular stroke volume in mice, but it did not increase heart weight in mice or rats. Thus, O304 exhibits a great potential as a novel drug to treat T2D and associated cardiovascular complications.
increase the very low basal levels of pAMPK and pACC, whereas as a control, the Ca2 + ionophore ionomycin, which activates AMPK via calcium/calmodulin-dependent protein kinase kinase (CaMKK), readily activated AMPK in these cells (Supplemental Figure 2F ). Thus, O304 will only further increase AMPK activity in physiologically relevant cells with intrinsic AMPK activity.
O304 prevents insulin resistance and dysglycemia in DIO mice. In rodents, O304 is orally available with a long plasma half-life (Supplemental Figure 3A ) but does not cross the blood-brain barrier (Supplemental Figure 3B ). To address whether O304 alone or, as in the clinical setting, in combination with Metformin could mitigate dysglycemia and insulin resistance in vivo, mice were fed a high-fat diet (HFD), denoted DIO mice, and treated by oral gavage with vehicle, O304, Metformin, or O304+Metformin (100 mg/ kg/day) each for 8 weeks (w) (Figure 2A ). With this regimen, O304 and O304+Metformin, but not Metformin, averted the HFD-provoked increase in fasted glucose and plasma insulin levels (Figures 2, B and C). Consequently, compared with vehicle, O304 and O304+Metformin-treated DIO mice did not develop insulin resistance as assessed by HOMA-IR calculations ( Figure 2D ). Moreover, in line with the potent prevention of hyperglycemia, hyperinsulinemia, and insulin resistance, O304 and O304+Met-formin, but not Metformin, significantly increased pAMPK ( Figure 2E ), reduced Txnip mRNA levels, and increased Glut1 mRNA levels ( Figure 2F ) in calf muscle of DIO mice, which is consistent with both Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test).
insulin-dependent and insulin-independent effects (39) (40) (41) . In summary, O304 increased pAMPK in calf muscle and potently protected against hyperglycemia, hyperinsulinemia, and insulin resistance in DIO mice; Metformin showed no significant effect, whereas O304+Metformin appeared most effective and significantly reduced HOMA-IR compared with O304 alone.
In patients with T2D, O304 would be used in combination with Metformin to reduce established hyperglycemia. To mimic these conditions, mice were fed HFD for 7w, which resulted in hyperglycemia and insulin resistance as compared with mice fed a regular diet (RD) (Figures 2, G-I), and were then treated with vehicle or O304+Metformin while continued on HFD for 4w. Whereas a reduction in fasted insulin levels and HOMA-IR was evident after 1w of treatment with O304+Metformin, fasted blood glucose levels were significantly reduced first after 2w of treatment with O304+Metformin as compared with vehicle ( Figure 2 , G-I). Prolonged treatment reduced blood glucose further and, after 4w of treatment, fasted glucose levels were reduced to those of mice fed RD (Figures 2G). Thus, the metabolic effects of O304+Metformin (i.e., reduction of hyperglycemia) largely resemble the effects of exercise and/or caloric restriction on hyperglycemia observed in man (10, 12) . (E) Representative immunoblot analysis and quantification of p-T172 AMPK levels in calf muscle of B6 mice on HFD treated with vehicle (n = 10), O304 (n = 10), Metformin (n = 10), and O304+Metformin (n = 10) for 8w. (F) Relative mRNA levels of Txnip and Glut1 in calf muscle of B6 mice on HFD treated with vehicle (n = 10), O304 (n = 10), Metformin (n = 9), and O304+Metformin (n = 10) for 8w. (G and H) Fasted glucose (G) and insulin (H) levels in B6 mice fed either a regular diet (RD) (n = 40) or a HFD for 7w (=Start; n = 10 + 10). The HFD-fed mice were then continued on HFD and oral gavaged with vehicle (n = 10) or O304+Metformin (n = 10) for an additional 4w. (I) HOMA-IR calculations from G and H. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test).
O304 prevents and reverts diabetes in hIAPPtg DIO mice. DIO mice become hyperglycemic but not overtly diabetic, and we therefore next explored the effect of O304 in a mouse model mimicking human T2D (i.e., HFD-induced insulin resistance/dysglycemia combined with β cell dysfunction). To this end, we used mice expressing the amyloidogenic human IAPP (hIAPP) gene under control of the rat insulin 2 promoter, denoted hIAPPtg mice, which were fed a HFD diet for 6w ( Figure 3A) . In hIAPPtg DIO mice, as compared with vehicle, O304 gavaged at 100 mg/kg/day averted the increase in 6h fasted blood glucose and plasma insulin levels ( Figure 3 , B and C). I.p. (Figure 3D ) and oral ( Figure 3E ) glucose-tolerance tests (GTTs) confirmed that O304 prevented the development of glucose intolerance and compensatory hyperinsulinemia, indicating a relative normalization of insulin hypersecretion that mirrored that of 10w-old hIAPPtg mice on RD ( Figure 3F ). Additionally, HOMA-IR and the Matsuda To test whether O304 could revert established diabetes and obesity in obese, diabetic hIAPPtg mice, and to avoid potential confounding effects of oral gavage on HFD-induced obesity, we formulated HFD with O304, denoted O304-HFD. To test the dose response effect of O304 on glucose homeostasis, we next fed CBA mice HFD or O304-HFD with 0.4, 0.8, and 2 mg/g of O304 for 7w. In CBA mice, O304-HFD dose-dependently increased pAMPK in calf muscle ( Figure 4A ) and potently prevented dysglycemia, hyperinsulinemia, and insulin resistance (Figures 4, B-D) . To test whether O304 could revert established diabetes, hIAPPtg mice were fed HFD for 9w and then switched to O304-HFD (2 mg/g) for 7w ( Figure  4E ). At 6w after the switch, O304-HFD had reverted established hyperglycemia, hyperinsulinemia, and insulin resistance -and, thus, diabetes ( Figure 4 , F-H). Moreover, O304 induced body weight and body fat loss, despite increased food intake (Supplemental Figure 4 , A-C).
The potent effect of O304 on established diabetes and obesity in hIAPPtg mice on HFD formulated with 2 mg/g O304 leaves open the possibility that the beneficial metabolic effects (Figure 4 , F-H) observed in these mice are secondary to the effects on weight and body fat (Supplemental Figures 4, A  and B) . To address this issue, we therefore performed diet switch experiments on hIAPPtg mice using a lower O304-HFD concentration, where mice were fed HFD for 9w and then either continued on HFD and insulin (G) levels, as well as HOMA-IR (H; from F and G), in hIAPPtg mice at start, at 9w, and 15w on HFD (n = 10), and in hIAPPtg mice at start, at 9w on HFD, and at 9w HFD+6w O304-HFD (2 mg/g) (n = 12). (I and J) Body weight (I) and body fat (J) change in hIAPPtg mice on HFD for 15w (n = 12) or HFD for 9w + 6w O304-HFD (0.8 mg/g) (n = 7). (K-M) Fasted blood glucose (K) and insulin (L) levels, and HOMA-IR (M; from K and L) at start, 9w, and 15w in hIAPPtg mice on HFD for 15w (n = 12) and in hIAPPtg mice at start, at 9w on HFD, and at 9w + 6w O304-HFD (0.8 mg/g) (n = 7). Data are presented as mean ± SEM, **P < 0.01, **P < 0.01, ***P < 0.001 (Student's t test [A-D, I, and J]; paired 2-tailed t test.
or switched to O304-HFD (0.8 mg/g) for 7w. With this regimen, the switch to O304-HFD (0.8 mg/g) for 7w did not provoke body weight or body fat loss ( Figure 4 , I and J). Nonetheless, at 6w after the switch to O304-HFD (0.8 mg/g), glucose and insulin levels -as well as HOMA-IR -were significantly reduced ( Figure 4 , K-M), showing that, under these conditions, the beneficial metabolic effects of O304 are independent of any effect on weight and body fat loss. Together, these results show that O304 potently averts insulin resistance, hyperinsulinemia, hyperglycemia, and overt diabetes in a T2D mouse model of obesity-induced diabetes.
O304 increases glucose uptake in skeletal myotubes ex vivo and in skeletal muscle in vivo. In skeletal muscle, AMPK activation has been implicated both in increasing insulin-independent glucose uptake and in reducing insulin resistance (2, 34, (42) (43) (44) . Accordingly, in skeletal muscle myotubes, O304 increased 2-Deoxy-D-glucose (2-DG) uptake in a dose-and AMPK-dependent manner in the absence of insulin ( Figure 5E ), demonstrating that O304 promotes glucose uptake in skeletal muscle in vivo. Taken together, these findings provide evidence that the positive effects of O304 on glucose homeostasis is, at least in part, mediated by O304 stimulation of glucose uptake in skeletal muscle.
O304 reduces β cell stress and promotes β cell rest. In T2D, toxic IAPP aggregates/amyloid is associated with β cell stress and β cell deterioration (45) . In hIAPPtg HFD mice switched from HFD to O304-HFD (2 mg/g) for 7w, the amount of islet amyloid formed was significantly reduced compared with that in mice continued on HFD for 7w (Figures 6, A and B). The reduced amount of amyloid observed in O304-HFD-fed hIAPPtg mice may, however, be secondary to the amelioration of hyperglycemia and insulin resistance. Nonetheless, O304 directly increased pAMPKα in rat insulinoma INS-1 cells, isolated primary mouse WT and hIAPPtg islets, and human islets ( Figure 6C ). To explore a potential direct effect of O304 on islet cells, we therefore next provoked amyloid formation by culturing isolated primary hIAPPtg islets at high glucose (22 mM) levels. O304 potently, in a dose-dependent manner, attenuated amyloid formation in hIAPPtg islets cultured at 22 mM glucose (Figures 6, D and E). Basal autophagy has been shown to protect β cells from hIAPP oligomer toxicity (28-30, 45, 46) and AMPK activation promotes autophagy. Consistently, O304 enhanced autophagic flux in the β cell line INS-1E (Supplemental Figure  5A ) and in the presence of the autophagy inhibitor 3-MA; the preventive effect of O304 on amyloid formation at 22 mM glucose was significantly attenuated (Figures 6, F and G). AMPK activation has, however, also been shown to improve function and survival of metabolically stressed β cells through preservation of ER function (47) , and O304 largely prevented an increased expression of unfolded protein response genes (i.e., indicative of ER stress; ref. 48) in primary mouse islets cultured at 22 mM glucose (Supplemental Figure 5B) . Thus, O304 averts β cell amyloid formation in an obesity-induced T2D mouse model, as well as in isolated mouse islets cultured ex vivo at high glucose levels. Taken together, our findings suggest that O304 counteracts metabolically induced β cell stress and amyloid formation in vivo both by reducing hyperglycemia and systemic insulin resistance and by enhancing autophagy and/ or ER function in β cells, although the exact mechanisms require further analyses. + amyloid deposits in hIAPPtg mice on high-fat diet (HFD) for 16w (n = 9) and in mice on HFD for 9w and then switched to O304-HFD (2 mg/g) for an additional 7w (n = 9). (C) Representative immunoblot analysis and quantification of O304 stimulation of p-T172 AMPK in INS-1 insulinoma cells (vehicle, 2.5 μM and 5 μM O304, n = 9; 10 μM O304, n = 6, per condition, respectively), mouse primary islets (n = 6 per condition), hIAPPtg mouse primary islets (n = 6 per condition), and human islets (n = 8 per condition). (D and E) Representative images (D) and quantification (E) of Thio-S + amyloid deposits in hIAPPtg islets ex vivo cultured for 96 hours in 11 mM glucose (n = 36 islets), 22 mM glucose (n = 45 islets), and 22 mM glucose with 2.5 μM (n = 42 islets), 5.0 μM (n = 41 islets), and 10 μM O304 (n = 36 islets) as indicated (n = 3 experiments for each ). (F and G) Representative images (F) and quantification (G) of Thio-S + amyloid deposits in hIAPPtg islets ex vivo cultured for 96 hours in 11 mM glucose (n = 43 islets), 11 mM glucose with 5.0 μM 3-MA (n = 59 islets), 22 mM glucose (n = 54 islets), 22 mM glucose with 5.0 μM O304 (35 islets), and 22 mM glucose with 5.0 μM O304 and 5.0 μM 3-MA (n = 44 islets) as indicated (n = 3 experiments for each). (H) Plasma insulin profiles and AUC following i.p. injection of arginine (1 g/kg) in CBA mice fed a HFD (n = 10) and O304-HFD (0.8 mg/g) (n = 10) for 11w. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test).
The apparent ability of O304 to reduce β cell stress, likely both indirectly and directly, raises the question of whether O304 also promotes β cell rest that, in turn, would preserve long-term β cell function. Arginine stimulation of insulin secretion assesses first-phase insulin release (i.e., the ready releasable pool of granules) and provides an estimate of functional β cell reserve (49, 50) . To assess the effect of O304 on β cell function, we therefore next analyzed arginine stimulation of insulin secretion. Arginine stimulation of insulin secretion was increased 2-fold in mice that had been fed O304-HFD (0.8 mg/g) for 11w compared with that of mice fed HFD ( Figure 6H ), providing further evidence that O304 mitigates β cell stress and promotes β cell rest, which in turn preserves/restores β cell function.
O304 reduces obesity at thermoneutral conditions and increases energy expenditure. To further explore the effect of O304 on obesity, we performed crossover experiments. Mice fed HFD for 14 days rapidly gained weight, whereas those fed O304-HFD (2 mg/g) gained almost no weight, although they consumed more food than mice fed HFD during day 1-14 ( Figures 7, A and B) . When HFD and O304-HFD were switched between these 2 groups of mice, mice that were switched from HFD to O304-HFD at day 15 rapidly started to lose weight, again with a relative increase in food intake; reciprocally, mice that switched from O304-HFD to HFD gained weight while reducing the relative food intake ( Figures 7, A and B) . We next tested whether O304 induced weight loss at thermoneutrality, and mice transferred from housing temperature to 30°C from day 49 onwards while continued on O304-HFD still averted weight gain, whereas mice fed HFD continued to gain weight ( Figure 7A ). Moreover, when mice housed at 30°C switched diet from HFD to O304-HFD at day 57, they rapidly started to lose weight; reciprocally, mice that switched from O304-HFD to HFD started to rapidly gain weight ( Figure 7A ). Under these conditions, only a small (0.2°C) nonsignificant increase in core temperature was observed (37.7°C ±0.12°C in HFD-, n = 5, and 37.9°C ± 0.08°C in O304-HFD-treated mice, n = 5). Thus, O304 also reduces obesity at thermoneutrality.
To directly address whether O304 averts obesity by increasing energy expenditure (EE), we measured oxygen consumption (VO 2 ), respiratory exchange ratio (RER), and EE for 3 days in mice that had been fed HFD or O304-HFD (0.8 mg/g) for 11w. VO 2 was significantly increased during both light and dark periods in mice on O304-HFD compared with mice on HFD ( Figure 7C ). RER was significantly decreased at day 2 during the light period and throughout the 3-day measurements during the dark period, providing evidence that mice fed O304-HFD switched their main energy source from carbohydrates to fatty acids (FAs) ( Figure  7D ). As expected, EE was significantly increased during both light and dark periods ( Figure 7E ). Taken together, these data strongly suggest that O304 suppresses weight gain by enhancing energy metabolism.
O304 increases ATGL activity and expression of genes associated with FA oxidation in WAT and BAT. In agreement with reduced body fat, O304-HFD-fed (2 mg/g) mice had markedly lower weights of inguinal white adipose tissue (iWAT) and epididymal WAT (eWAT) fat pads than HFD-fed mice (Supplemental Figure  6A ). To reduce WAT depots, lipolysis needs to be enhanced. Desnutrin/Atgl, which encodes the rate-limiting enzyme catalyzing basal triglyceride (TG) hydrolysis is a direct target of AMPK, and phosphorylation of S406 by AMPK increases ATGL activity (51) , which should increase lipolysis. Accordingly, O304-HFD increased both p-S406 ATGL levels and Atgl mRNA levels in iWAT (Figure 7 , F and G). Moreover, Cpt1b, which increases mitochondrial FA uptake, and Cox8b, which would increase mitochondrial activity/FA oxidation (52), were also increased in iWAT of mice fed O304-HFD (2 mg/g) compared with mice fed HFD ( Figure 7G ). O304 slightly, in a dose-dependent manner, reduced UCP1 expression in brown adipose tissue (BAT) as well as the low-level UCP1 expression in iWAT, arguing against ectopic expression of UCP1 in WAT as a mechanism for the antiobesity effect of O304 (Supplemental Figure 6B) . Together, these data provide evidence that O304, at least in part, averts obesity by increasing lipolysis and FA oxidation in WAT.
Activation of AMPK in BAT increases FA uptake, metabolic activity, and EE (53, 54) . Consistently, compared with HFD fed mice, weights of BAT pads were reduced in mice fed O304-HFD (2 mg/g) (Supplemental Figure 6A) , indicative of increased BAT metabolic activity. Notably, O304-HFD (2 mg/g) significantly increased the expression of Cd36, indicating enhanced FA uptake, as well as that of Cpt1b and potently reduced the expression of genes encoding FA synthase (Fas), Stearoyl-CoA desaturase 1 (Scd1), and Acc1 in BAT of DIO mice, which -in combination -should reduce de novo lipogenesis (DNL) and increase mitochondrial FA uptake/oxidation in BAT ( Figure 7H ). Moreover, recent results provide evidence that heat can be produced in brown fat without intracellular lipolysis and that BAT can take up and burn FAs derived from lipolysis in WAT pads (55, 56) . Taken together, these findings leave open the possibility that an increase in both WAT and BAT activity in combination promote an increase in EE and reduced fat/body weight in O304-treated DIO mice.
Increased lipolytic flux from WAT to the liver may cause fatty liver (17) . However, O304 dose-dependently suppressed lipid synthesis in human primary hepatocytes (Supplemental Figure 6C) . O304 also reduced, by ~45%, hepatic DNL (Supplemental Figure 6D) ; dose-dependently increased Cpt1b and decreased Acc2, Fas, and Scd1 mRNA (Supplemental Figure 6E ) levels in livers of DIO mice; and prevented and reduced hepatic steatosis in DIO mice (Supplemental Figures 6, F and G) .
O304 increases cardiac pAMPK levels, increases stroke volume, and reduces cardiac glycogen but does not induce cardiac hypertrophy. Exercise activates AMPK in the heart, increases glucose uptake, and reduces cardiac glycogen levels (35, 36) . Compared with mice fed HFD, mice fed O304-HFD at 0.8 or 2 mg/g for 7w showed significantly increased pAMPK levels in the heart (Supplemental Figure 7A) , and heart glycogen content was reduced in a dose-dependent manner ( Figure 8A ). In a separate experiment, a significant increase of [ 18 F]-FDG uptake was observed in the hearts of mice fed O304-HFD (2 mg/g) for 2w compared with mice fed HFD ( Figure 8B) . Thus, the cardiac effects of O304 resemble the cardiac effects of exercise (35, 36) . Compared with HFD, O304-HFD at 0.8 or 2 mg/g for 7w did not cause an increase in heart weight/tibia length ( Figure 8C ). Moreover, rats fed RD and gavaged for 6 months with O304 at 100, 300, and 600 mg/kg/day did not show increased heart/brain weight compared with vehicle ( Supplemental Figure 7B) . Therefore, O304-mediated AMPK activation in heart did not cause cardiac hypertrophy.
Exercise improves cardiac function by increasing stroke volume (33) . We therefore examined the effects of O304 on LV function by echocardiography in mice fed RD, HFD, or O304-HFD at 0.8 mg/g or 2 mg/kg. Compared with RD, HFD caused a significant reduction in both end-diastolic volume and end-systolic volume and a small, but nonsignificant, decrease in stroke volume (Figures 8, D-F) . O304-HFD normalized end-diastolic volume and dose-dependently improved, but did not fully restore, end-systolic volume ( Figures  8, D and E) . Importantly, O304-HFD 0.8 mg/g and 2 mg/g induced a significant increase (~20%) in stroke volume compared with both RD and HFD ( Figure 8F ). Notably, under these anesthetized conditions, HFD caused a significant increase in heart rate as compared with RD, whereas O304-HFD at 0.8 mg/g normalized and O304-HFD at 2 mg/g reduced heart rate ( Figure 8G ). Thus, O304 normalized the HFD-induced decrease in end-diastolic volume and induced a significant increase in stroke volume, indicating that O304 mimics the beneficial effects of exercise on LV function.
O304 improves microvascular function and endurance capacity in mice and reduces blood pressure in dogs.
Reduced microvascular function and peripheral blood flow cause severe complications in T2D (34) . AMPK activation in endothelial and smooth muscle cells promotes vasodilation (31, 34) , and AMPK activator 5-aminoimidazole-4-carboxyamide-1-β-D-ribofuranoside (AICAR) increases microvascular perfusion in muscle (57, 58) . Thus, to elucidate a potential effect of O304 on peripheral blood flow, we used laser doppler imaging to monitor blood perfusion in left hind paws of DIO mice gavaged with vehicle or with O304 (40 mg/kg/day) for 8w. Under these conditions and without affecting body weight (mice on vehicle increased from 24.5-34 g and mice on O304 from 25.6-36.5 g), O304 -compared with vehicle -significantly increased microvascular blood flow in hind legs ( Figures 9, A and B) . In support of the notion that O304 increases microvascular blood flow, which would increase dissipation of heat, skin-surface temperature was increased in O304-treated Zucker rats (Supplemental Figure 8, A and B) .
Enhanced cardiovascular function is associated with improved endurance in humans and animals (59, 60) . To test whether O304 could improve endurance, we monitored running distance to exhaustion, and to avoid the confounding effect of varying degrees of obesity, we used weight-matched, 14-month-old mice fed RD and gavaged with vehicle or with O304 (20 mg/kg/day) for 30 days. The treadmill exercise reduced body weights to a similar extent in mice on vehicle (from 33.4 to 31.4 g) and in mice on O304 (from 34.1 to 32.2 g). Compared with vehicle, O304 significantly improved endurance capacity monitored as running distance to exhaustion ( Figure 9C ), while significantly reducing the increase in blood lactate levels ( Figure 9D ), indicating increased oxidative metabolism. Thus, consistent with the observed beneficial cardiovascular effects in DIO mice, O304 improves endurance capacity in lean sedentary aged mice fed RD.
The AMPK activator AICAR has been shown to acutely lower blood pressure and relax isolated resistance arteries of hypertensive rats (61) . Thus, as part of the investigative new drug toxicological package, a telemetric study in conscious dog after single doses of O304 was conducted, and under these conditions, O304 acutely reduced blood pressure ( Figures 9, E and F) . Thus, O304 improves cardiac stroke volume, increases microvascular perfusion, and reduces blood pressure.
O304 improves glucose homeostasis in T2D patients on Metformin. Based on the beneficial metabolic and cardiovascular effects of O304 in preclinical species, O304 was selected for clinical development, and toxicological studies in rat and dog and a phase I safety clinical trial was successfully concluded. Thus, an exploratory 28-day proof-of-concept phase IIa clinical trial, denoted TELLUS, of O304 in 65 T2D patients 
(D-F) End-diastolic volume (EDV) (D), end-systolic volume (ESV) (E)
, and stroke volume (SV) (F) in 16w-old CBA mice fed regular diet (RD) (n = 9) and in 18w-old CBA mice fed a HFD (n = 9) and O304-HFD with 0.8 mg/g O304 (n = 10) or 2 mg/g (n = 10) O304 for 6w. (G) Heart rate (HR) in 16w-old CBA mice fed RD (n = 9), and 18w-old CBA mice fed HFD (n = 9) and O304-HFD with 0.8 (n = 10) mg/g or 2 mg/g (n = 10) O304 for 6w. Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Student's t test).
stably on Metformin was performed. Apart from safety, FPG, insulin, and blood pressure were monitored, and microvascular perfusion in calf muscle was examined by MRI.
T2D patients needed to perform and pass MRI examinations before start of treatment to be included in the TELLUS study; therefore, HbA1c ≥6.5% and ≤9.0% at screening, and not FPG at day 1, was used as inclusion criteria. Thus, a post hoc analysis was conducted of patients with FPG range >7 to <13.3 mmol/l, (>126 to <240 mg/dl) at day 1 (Supplemental Figure 9A) , where 13.3 mmol/l (240 mg/dl) represents uncontrolled hyperglycemia. The mean absolute reduction in FPG at day 28 compared with day 1 was -0.10 mM in the placebo group and -0.60 mM in the O304 group (Figures 10, A and B, and Supplemental Figure 9A ). In the Wilcoxon's rank sum test there was a statistically significant absolute (P = 0.010) and relative (P = 0.018) reduction in FPG in the O304 group compared with the placebo group, with P = 0.049 for absolute change in the mix model ANOVA 2-way test and P = 0.037 for relative change in the mix model ANOVA 1-way test. In the Wilcoxon test within the O304 group, but not the placebo group, there was significant absolute (P = 0.0002) ( Figure 10A ) and relative (P = 0.0003) reduction in FPG at day 28 compared with day 1. In DIO mice, a significant reduction in fasting blood glucose is observed after 2w of treatment with O304+Metformin, and efficacy increases with duration of treatment ( Figure 2G) . Thus, any effect of O304 on FPG in T2D patients would likely take at least 2w to observe. Consistently, the significant reduction in FPG within in the O304 group occurred between day 21 and day 28 ( Figure 10B ), which is in accordance with the corresponding 14-day timeframe in DIO mice ( Figure  2G ). Moreover, due to the long plasma t 1/2 of O304, the plasma steady-state concentration is not reached until day 14 in T2D patients (Supplemental Figure 9B) . Notably, in the Wilcoxon test within the O304 's t test) . In E and F, * refers to vehicle versus 540 mg/kg O304 and # refers to vehicle versus 180 mg/kg O304.
group, but not the placebo group, a statistically significant both absolute (P = 0.0097) and relative (P = 0.017) reduction in HOMA-IR were observed at day 28 compared with day 1 ( Figure 10C ). Thus, O304 improved glucose homeostasis in T2D patients on Metformin.
O304 increases peripheral microvascular perfusion in calf muscle of T2D patients on Metformin. Since T2D is associated with severe microvascular complications (4) and O304 increased peripheral microvascular perfusion in mice, hyperemic microvascular perfusion was monitored in the TELLUS study by MRI and dynamic T2*-quantification (the time constant for transversal relaxation caused by local magnetic-field inhomogeneities) at screening and at days 27-29 in calf muscle of the T2D patients. The obtained time graphs of T2* values were analyzed on an individual basis, and a set of parameters were extracted via automated curve fitting. As expected, when compared with the literature (62), the peripheral circulation status of the patients in the TELLUS study was at large not depressed at baseline, and a strong intervention effect signal could not be expected. Nevertheless, at day 28 compared with baseline in the 2-way ANOVA test, there was a statistically significant increase in Δ-T2* (P = 0.026) in the O304 group compared with the placebo group, defined as the difference between the minimum ischemic value and the peak hyperemic value, indicating increased hyperemic perfusion. Moreover, in the Wilcoxon test, there was a significant relative increase in the T2* gradient (P = 0.012), defined as the rate of increase of hyperemic perfusion in the O304 group but not in the placebo group at day 28 compared with baseline. However, in subjects with comparably reduced peripheral circulation, peaks were poorly defined, making it difficult to correctly identify the peak properties following reactive hyperemia. Thus, in a post hoc analysis, curve fitting was instead performed at the group level, since image noise and signal drift was averaged over many subjects, and significance testing was observed in subjects with relative lower rate of perfusion at baseline (long TTP) in the O304 group (i.e., comparing O304 B MRI1 with O304 B MRI2) but not in subjects with short TTP, and there was no difference in subjects with either short or long TTP at baseline in the placebo group. (E) Absolute and relative change in systolic and diastolic blood pressure from day 1-28 in T2D patients on Metformin treated with placebo (n = 27) or O304 (n = 30). Data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Signed Wilcoxon's rank sum test).
was performed by means of a permutation test, a nonparametric resampling technique (63) . Under these conditions, compared with the placebo group, there was a significant increase in both Δ-T2* (P = 0.037) and T2* gradient (P = 0.024) at day 28 compared with baseline in the O304 group (Table 1) .
Finally, to elucidate whether it was subjects with relatively lower perfusion at baseline that responded to treatment, the O304 group and the placebo group were split in half based on the time-to-peak (TTP) at baseline, where short TTP and long TTP represent a relative higher and lower rate of hyperemic perfusion, respectively. MRI at baseline (MRI1) compared with MRI at end of treatment (MRI2) was then investigated with permutation analysis. From this stratified analysis, a significant shortening of TTP (P = 0.043) and increase in Δ-T2* (P = 0.034) was observed in subjects with a relative lower rate of perfusion at baseline (long TTP) in the O304 group, but not in subjects with short TTP, and there was no difference in subjects with either short or long TTP at baseline in the placebo group ( Figure 10D) . Thus, O304 preferentially increases hyperemic microvascular perfusion in calf muscle of T2D patients with a relative lower rate of perfusion at baseline.
O304 reduces blood pressure in T2D patients on Metformin. Microcirculation regulates peripheral vascular resistance, which -in combination with cardiac output -determines arterial blood pressure (64) . AICAR acutely reduced blood pressure in spontaneously hypertensive rats (61), and O304 acutely reduced blood pressure in dogs ( Figure 9 , E and F). Consistently, a mean absolute reduction in systolic (-5.8 mmHg) and in diastolic (-3.8 mmHg) blood pressure was observed at day 28 compared with day 1 in the O304 group, whereas small increases of +1.2 mmHg and +0.9 mmHg, respectively, were observed in the placebo group. In the Wilcoxon test, within the O304 group but not the placebo group, there was a statistically significant absolute reduction in both systolic (P = 0.030) and diastolic (P = 0.009) blood pressure and relative reduction in systolic (P = 0.036) and diastolic (P = 0.014) blood pressure ( Figure 10E ). In the 1-way ANOVA test, there was a statistically significant relative reduction in systolic blood pressure (P = 0.047) and diastolic blood pressure (P = 0.044) in the O304 group, compared with the placebo group. No significant change in mean heart rate was observed in either group at day 28 compared with baseline: placebo, -0.48; O304, -1.6 bpm. Thus, O304 reduces systolic and diastolic blood pressure in people with T2D. Hence, the effects of O304 on FPG, microvascular perfusion, and blood pressure translate from animals to T2D patients.
Discussion
With time, T2D patients often fail to reach their glycemic targets despite the use of multiple glucose-lowering agents, leading to cardiovascular diseases with significant increased morbidity and mortality (8) . Potentially novel treatments that can (a) increase glucose disposal, (b) relieve β cell stress and impose β cell rest to preserve long-term β cell function, and (c) reduce cardiovascular complications in T2D patients are, thus, highly desirable. AMPK is activated by exercise that enhances cardiovascular function and endurance (33, 35, 36) , and pharmacological AMPK activation increases glucose uptake in skeletal muscle (15, 16, 44) and may preserve β cell function (65) . However, no direct AMPK activator is currently in clinical use. By monitoring clinically relevant parameters in DIO and aged mice, and in T2D patients in a 28-day proof-of-concept phase IIa clinical trial (TELLUS), we here report on the clinical utility of PAN-AMPK activator O304.
We show that O304, like AMPK activators PF-793 and MK-8722 (15, 16) , increased glucose uptake in skeletal myotubes ex vivo in an AMPK-dependent but insulin-independent manner. In DIO mice, O304 increased pAMPK levels and stimulated glucose uptake in skeletal muscle and potently reduced hyperglycemia, hyperinsulinemia, and insulin resistance. O304 also prevented amyloid formation in hIAPPtg mice fed Study parameters assessed via curve-fitting of normalized group-averaged T2*-vs-time data for O304 and placebo group. P-values are determined via permutation analysis and represent 2-sided tests. Grad, gradient.
a HFD and in ex vivo cultured hIAPPtg islet cells. Moreover, O304 averted increased UPR gene expression in mouse islets ex vivo cultured at high glucose levels, indicating preservation of ER homeostasis. O304 also improved the insulin secretory response to arginine in DIO mice in vivo, indicative of β cell rest. Thus, O304 increased glucose disposal, which indirectly reduced the demand on β cells for insulin secretion, and also directly reduced β cell stress, including amyloid formation, under glucotoxic conditions. In the clinic, O304 should be used in combination with Metformin, and in DIO mice, O304+Metformin significantly reduced fasted blood glucose levels. Consistently, O304 reduced FPG and HOMA-IR in T2D patients on Metformin. Moreover, the reduction in FPG in T2D patients treated with O304 occurred between day 21 and day 28, indicating that increased duration of treatment of T2D patients with O304 will further reduce FPG. O304 increased VO 2 and EE, and at the highest dose tested, O304 rapidly and potently both prevented and reduced obesity in DIO mice, whereas -at a lower dose that showed no effect on obesity -O304 still reduced established dysglycemia. The reduction in obesity at higher doses of O304 is likely, however, to further enhance the antiglycemic effect of O304. O304 appears to increase EE, thus averting obesity, by increasing BAT metabolic activity rather than via browning of WAT. Notably, recent results provide evidence that heat can be produced in brown fat without intracellular lipolysis and that BAT can take up and burn FAs derived from lipolysis in WAT pads (55, 56) . Moreover, selective inactivation of AMPK adipocytes demonstrate a role for AMPK in ensuring mitophagy, and thus mitochondrial integrity and function, in BAT (66) . Together, these findings leave open the possibility that an increase in both WAT and BAT activity, in combination, promote an increase in EE and reduced fat/body weight in O304-treated DIO mice. Whether O304 also stimulates additional pathways that increase UCP1-independent uncoupling in WAT or increase basal physical activity will require additional analyses.
Strict glycemic control reduces microvascular complications; however, no currently used antiglycemic agent directly increases microvascular perfusion (32) . Exercise, as well as AMPK activation by AICAR and the indirect AMPK activator R118, increases microvascular perfusion in muscle (57, 58) , and O304 increased microvascular perfusion in hind legs of DIO mice and in calf muscle of T2D patients in the TEL-LUS study. Therefore, by improving glycemic control and by directly increasing microvascular perfusion, O304 may reduce microvascular complications associated with T2D. Peripheral arterial disease (PAD) is common among the elderly (67) and a common initial manifestation of cardiovascular disease in T2D patients (68) . Moreover, the hyperemic response in calf muscle, monitored by MRI T2* analysis, is highly correlated with disease severity in PAD patients (62) . Thus, by increasing microvascular perfusion in calf muscle, O304 may show beneficial effects on PAD both in patients with or without T2D.
LV diastolic dysfunction (i.e., decreased relaxation/filling and reduced stroke volume) are frequently observed in T2D, and T2D is a risk factor for heart failure (69). Like exercise, O304 increased cardiac pAM-PK levels, glucose uptake, and stroke volume and reduced cardiac glycogen content, but it neither induced cardiac hypertrophy in DIO mice nor increased heart/brain weight in rats treated with high daily doses of O304 for 6 months. Moreover, in the TELLUS study, O304 did not cause any ECG abnormalities or any effect on LV mass. Thus, O304-mediated AMPK activation in heart mimics the effects of exercise (59, 60) and not the adverse cardiac effects of PRKAG2 mutations (34) . In line with these effects, O304 further increased pAMPK levels only in cells that express the upstream kinase LKB1 and irrespective of expression of AMPK β1 or -β2 subunits. Whether O304 protects against the dephosphorylation of pAMPK by the same mechanism as ADP (i.e., by interacting with sites in the γ subunits) or binds to a distinct site in the AMPK trimer will the subject of future studies but is beyond the immediate scope of the current study. Nevertheless, O304 may be beneficial in mitigating T2D-associated cardiovascular diseases, including heart failure. Further clinical studies are, however, required to elucidate these possibilities.
MK-8722, which interacts with the AdAM site to allosterically activate AMPK, caused reversible cardiac hypertrophy and glycogen accumulation in several preclinical species, indicating an imbalance in synthesis and breakdown of glycogen (16) . MK-8722 did not, however, cause the ECG changes associated with PRK-AG2 mutations, and although no increase in stroke volume was observed in rats, the effects were rather reminiscent of cardiac hypertrophy observed in elite athletes (16, 33) . Moreover, MK-8722 allosterically activated AMPK even in the absence of p-T172 AMPK and showed a ~10 fold preference for β1-over β2-containing AMPK trimers (16) , indicating a nonphysiological (over) activation of cardiac AMPK by MK-8722.
Limitations of the study. The beneficial metabolic, cardiac, and vascular effects of O304 in preclinical species require different doses and different times of exposure of O304, and the aim of TELLUS as a short (28 days), small (~60 patients), exploratory, single-dose phase IIa study was to explore whether all or some of the beneficial preclinical effects of O304 translated to T2D patients. Although the study groups were generally well balanced with regard to age and sex, there was a numerical imbalance in weight; the placebo group's mean weight being approximately 8 kg higher (93 kg, BMI 31) than the group treated with O304 (85 kg, BMI 28). In addition, due to MRI analyses, HbA1c at screening, not FPG at baseline, was used as an inclusion criterion. Subsequently, a wide range of FPG values, both <7 to >13.3 mmol/l, were observed at baseline. In patients with FPG range >7 to <13.3 mmol/l (>126 to <240 mg/dl), there was an imbalance in FPG and HOMA-IR at day 1, with higher FPG but lower HOMA-IR/insulin resistance in the O304 group compared with the placebo group. Compared with other antiglycemic drugs currently used in the clinic (70) , the reduction in FPG in the O304 group at day 28 compared with day 1 FPG was relatively modest. However, since a main preclinical effect of O304 on glucose homeostasis is reduction of obesity-induced insulin resistance in mice, the relative low weight/BMI and low HOMA-IR but high FPG at day 1 of T2D patients treated with O304 have likely impacted the study results.
The increase in glucose uptake in skeletal muscle and reduction in insulin resistance by O304 in DIO mice may, at least in part, require rewiring of gene expression in target tissues. In line with this idea, it takes ~2w for O304 to start to significantly reduce FPG in DIO mice. Accordingly, the reduction in FPG in T2D patients starts to occur after day 21 and is significant at day 28, and the reduction in HOMA-IR also indicates that reduced insulin resistance is part of the mechanism. Moreover, due to the long plasma t 1/2 of O304, the mean plasma steady-state concentration of O304 is not reached until day 14 in the T2D patients. Thus, collectively, these results also indicate that 28 days of treatment may be too short to observe the full effect of O304 on glucose homeostasis in T2D patients and that increased duration of treatment with O304 will further reduce FPG. Moreover, O304 was administered as a suspension in the phase IIa study, and work to develop a more efficacious and suitable formulation for use in future clinical trials has been initiated.
The T2D patients in the phase IIa study were treated with Metformin, which appears to act primarily in the liver to reduce gluconeogenesis but which also seems to increase glucose uptake in the intestine (71) . Indirect activation of AMPK by Metformin may contribute to these effects, raising the question of whether the efficacy of O304 may be limited if Metformin-treated patients already have some degree of AMPK activation. Such potential blunting of O304's effect by Metformin appears, however, less plausible, since O304+Metformin was more potent than either compound alone in DIO mice and since -due to the requirement for active transport -Metformin is unlikely to have any major effect on glucose uptake and/ or insulin resistance in skeletal muscle.
In summary, by increasing AMPK activity, O304 mimics the beneficial metabolic and cardiovascular effects of long-term exercise and caloric restriction, and our findings provide evidence that O304 holds great potential as treatment for T2D and associated cardiovascular complications, especially for the recently described subgroup of T2D patients with severe insulin resistance who are more likely to develop endstage renal disease and coronary events (9) . Thus, our results support the further development of O304 for treatment of T2D and associated cardiovascular complications, including PAD.
Methods
Animals. The different cohorts of mice and tests performed are presented in Supplemental Methods.
Clinical study design. An exploratory proof-of-concept randomized, parallel-group, double-blinded, placebo-controlled phase IIa 28-day study (TELLUS) of the first-in-class AMPK activator O304 (1,000 mg/ day) was conducted in 65 T2D patients on Metformin for ≥3 months, aiming at further exploring safety of O304 and the effect of O304 on FPG at a single-dose level. The predefined inclusion and exclusion criteria and further details of the clinical study are described in the Supplemental Methods.
O304. The small hetercyclic compound O304, developed by Betagenon AB, is detailed in Supplemental Methods.
Glucose tolerance and insulin secretion tests. GTT and GSIS were performed on 6h fasted and sedated Hypnorm (Veta Pharma)/Midazolam (Hamlenmice) following i.p. or oral administration of glucose (2 g/kg body weight; Gibco) (see also Supplemental Methods).
Cell culture and isolation and in vitro culture of islets. For detailed information on islets, cell lines, culture, and assay conditions, see Supplemental Methods and Supplemental Table 1 .
Western blot analysis. All Western blot expression data was normalized toward AMPKα, β-actin, GAP-DH, or the respective nonphosphorylated counterpart. For detailed information and antibodies used, see Supplemental Methods and Supplemental Table 2 .
Quantitative PCR. For detailed information and primers used for quantitative PCR, see Supplemental Methods and Supplemental Table 3 .
Quantification analyses. Quantification of Western blot experiments was performed using Image Lab (Bio-Rad, version 4.1, build 16) and ImageJ software (version 1.45s). Amyloid content quantification was performed using ImageJ software (version 1.49m).
Statistics. All the statistical analyses of in vitro and in vivo data were performed by 2-tailed Student's t tests. We considered a value of P < 0.05 to be statistically significant. Patient data analyses were performed by the mix model ANOVA test (throughout, 2-way ANOVA test was used for absolute changes and 1-way ANOVA test for percentage changes) and the nonparametric Wilcoxon Rank Sum test.
Study approval. Animal experiments were approved by the Animal Review Board at the Court of Appeal of Northern Norrland in Umeå (approval numbers A40-12, A75-14, A17-12, A74-12, A29-16, and A11-17) and conducted in accordance with Guidelines for the Care and Use of Laboratory animals. The TELLUS trial is registered with ClinicalTrials.gov (NCT00508287) and ClinicalTrials.gov (NCT01167881). The study protocol was approved by the Regional Ethics Commitee in Uppsala, Sweden (project O304-2016-02).
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